Type I collagen is the most abundant extracellular matrix protein in the human body and is commonly used as a biochemical ligand for hydrogel substrates to support cell adhesion in mechanotransduction studies. Previous protocols for conjugating collagen I have used different solvents; yet, how varying solvent pH and composition impacts the efficiency and distribution of these collagen I coatings remains unknown. Here, we examine the effect of varying solvent pH and type on the efficiency and distribution of collagen I coatings on polyacrylamide hydrogels. We further evaluate the effects of varying solvent on mechanotransduction of human mesenchymal stem cells (MSCs) by characterizing cell spreading and localization of Yes-Associated Protein (YAP), a key transcriptional regulator of mechanotransduction. Increasing solvent pH to 5.2 and above increased the heterogeneity of coating with collagen bundle formation. Collagen I coating highly depends on the solvent type, with acetic acid leading to the highest conjugation efficiency and most homogeneous coating. Compared to HEPES or phosphate-buffered saline buffer, acetic acid-dissolved collagen I coatings substantially enhance MSC adhesion and spreading on both glass and polyacrylamide hydrogel substrates. When acetic acid was used for collagen coatings, even the low collagen concentration (1 lg/ml) induced robust MSC spreading and nuclear YAP localization on both soft (3 kPa) and stiff (38 kPa) substrates. Depending on the solvent type, stiffness-dependent nuclear YAP translocation occurs at a different collagen concentration. Together, the results from this study validate the solvent type as an important parameter to consider when using collagen I as the biochemical ligand to support cell adhesion.
INTRODUCTION
Cells are surrounded by extracellular matrix (ECM) proteins composed of hundreds of proteins and glycoproteins 1 that impart a myriad of physical and biological cues to the cells. 2 Studies of cells ex vivo often require functionalization of surfaces with adhesive ECM proteins in order to permit cell attachment and growth. 3 To enable mechanotransduction studies, polyacrylamide hydrogels with tunable stiffness have been widely used and require coating with ECM proteins to support cell adhesion. 4 Type I collagen is an important structural component of ECM 1 and is formed via self-assembly from tropocollagen units into small fibrils and then larger fibers. 5 Given that type I collagen is the most abundant protein in the body 2 and its relatively low cost compared to other ECM proteins, it is one of the most commonly used biochemical ligands for functionalizing hydrogel substrates to support cell adhesion. 4, [6] [7] [8] [9] [10] [11] Previous mechanotransduction studies using collagen I coating have been plagued by varying the efficiency and heterogeneity, with coatings containing a mixture of long thin fibers 9 or thick bundles of collagen aggregates. 10 However, when interpreting the cell response, the distribution of collagen I coating was often not taken into consideration. Whether collagen I distribution on hydrogel substrates contributes to the observed changes in cell responses remains largely unknown.
As the structure and conformation of collagen I are known to be pH-dependent, we hypothesized that the pH of the solvent could alter the amount and distribution of collagen I coated. Collagen I is more soluble in acidic conditions, and increasing pH leads to self-assembly of collagen molecules into fiber structures. 12, 13 However, most conventional protocols for coating hydrogel substrates with collagen I use neutral solvents such as phosphate-buffered saline (PBS) (pH 7.4) or more basic solvents like HEPES (pH 8.5). 6 This increased pH can lead to decreased solubility of collagen I in solution, 6 which would subsequently contribute to the heterogeneity in collagen coating on the hydrogel substrates.
Cell adhesion is at the interface between the cell and the extracellular matrix and is the prerequisite for mechanotransduction and other cell fates. Varying ECM protein ligand density, for example, has been shown to modulate cell attachment, morphology, 7 and stem cell mechanosensing via Yes-Associated Protein (YAP), a transcriptional regulator that translocates to the nucleus induced by stiff substrates 14 or high ligand density. 15 The structural conformation of collagen I has also been shown to influence mesenchymal stem cell (MSC) fate commitment between osteogenic and adipogenic lineages. 16 We thus hypothesize that varying the pH and composition of solvents used for incorporating collagen I onto hydrogel substrates as biochemical cues will result in varying densities and distribution of collagen I, thereby altering cell attachment, spreading, and mechanotransduction. To test this hypothesis, we first analyzed the effects of varying solvent pH and type on protein coating efficiency and distribution on glass. Using human mesenchymal stem cells (hMSCs) as a model cell type, we then characterized MSC spreading on polyacrylamide hydrogels coated with collagen I using varying solvents including HEPES, PBS, and acetic acid. The effects of varying solvent types on stem cell spreading and YAP translocation were further evaluated by growing MSCs on collagen I-coated hydrogels with tunable stiffnesses (3 kPa or 38 kPa). Finally, the effects of varying solvent types on fibronectin coating and MSC response were also examined.
RESULTS AND DISCUSSION Varying solvent pH and type alters collagen I coating distribution and efficiency on glass substrates
While collagen I has been widely used to support cell adhesion for modulating various cell fates such as differentiation 3 and mechanotransduction, 7-11 the characterization of collagen coatings has been limited. For few studies that characterized collagen I coating on hydrogel surfaces, they generally showed heterogeneous distribution. 9, 10 To improve the homogeneity of collagen I coatings, we first tested if tuning the pH of the solvent used to dissolve collagen I could improve the solubility and homogeneity of collagen I. Although it is well known that low pH increases collagen I solubility, 12, 13 protocols for incorporating collagen I onto hydrogel substrates as biochemical cues often use solvents with neutral or basic pH. 6 Therefore, we first tested how varying pH (3.4, 3.7, 5.2, 7.4, or 8.5) of the collagen I solution affects its solubility and coating on glass substrates, which should have high adsorption efficiency. At basic or neural pH (8.5 and 7.4), collagen I formed bundles and exhibited greater heterogeneity. Reducing pH increased the homogeneity, with acidic solvents leading to more homogeneous distributions of collagen I [ Fig. 1(a) ] and the highest amount of collagen I incorporated, as shown by the higher fluorescence intensity averages and histograms [ Fig. 1(b) ]. Increasing solvent acidity enhanced the overall intensity of collagen I staining, correlated with coating efficiency, and the normality of pixel distribution, correlated with coating distribution. To corroborate the results from fluorescence image analyses, we also used atomic force microscopy (AFM) to characterize the surface topographical cues of glass coated with collagen I dissolved in solvents with varying pH 7.4 or 3.4 [ Fig. 1(c) ]. Consistent with our fluorescence-image results, neutral pH (7.4) solvent resulted in more fibrous collagen formation, whereas acidic pH (3.4) showed more homogeneous punctate surface morphology. The peak height of the collagen fibers using pH 7.4 solvent is 10 nm, which is $2Â of the peak height of collagen I punctae (5 nm) formed using solvent with pH 3.4, suggesting thicker collagen fiber bundle formation. Together, our results suggest that acidic pH (3.4) is preferable for enhancing collagen I homogeneity.
We then asked if varying the solvent composition without changing pH would impact the coating of collagen I. Holding pH constant at 3.4, we compared three solvents including acetic acid, acetate, and citrate [ Fig. 1(d) ]. Our results showed that collagen I incorporation efficiency depends not only on pH but also on the composition of the solvent. Among the three solvents tested, only acetic acid resulted in high levels of collagen I coating [ Fig. 1(d) ]. Using the optimal solvent pH (3.4) and solvent type (acetic acid), we further assessed how varying the concentration of acetic acid (0.05%-0.5%) impacts collagen I coating. Acetic acid supported a similar high level of collagen coating [ Fig. 1(e) ] even at the lowest tested concentration (0.05%). It is interesting to note that acetate buffer is composed of acetic acid plus sodium acetate yet results in much lower collagen I coating efficiency than acetic acid buffer. Our results show that collagen I dissolved in acetic acid led to higher collagen conjugation efficiency as compared to acetate and citrate. These results suggest that in addition to solvent pH, the choice of solvent composition matters too, possibly due to changes in the ionic strength and compositions.
Varying the solvent type alters collagen I coating and cell attachment efficiency on both glass and polyacrylamide substrates
Three of the most commonly used solvents for conjugating collagen I onto hydrogel substrates as a biochemical coating include HEPES (pH 8.5), PBS (pH 7.4), and acetic acid (pH 3.4). We compared these three solvents side-by-side to assess their effect on collagen coatings. Collagen I dissolved in HEPES buffer, as specified by common protocols in the field of mechanotransduction, 6 Only the acetic acid group exhibited an intense and homogeneous collagen I coating. Quantitative analyses of the fluorescence images showed much higher collagen I intensity in the acetic acid group compared to HEPES and PBS groups, indicating greater incorporation efficiency [ Fig. 2(b) ]. To assess the effect on cell attachment efficiency, MSCs were plated on these substrates. Consistent with the trend observed with collagen I coating efficiency, we found that acetic acid led to the best cell attachment efficiency, although the differences between the groups were less than the differences in collagen I coating [ Fig. 2(b) ]. These results indicate that the solvent type significantly impacts collagen I coating efficiency on glass substrates and cell attachment efficiency. The question we asked in this paper is the effect of initial collagen I coating on cell responses. We recognize that cells can deposit their own ECM over time, in addition to the initial collagen coating we presented. To minimize the confounding effects from ECM proteins secreted by the cells, we intentionally chose to perform our experiments and analyses at very early time points (6 h or less).
Given that most mechanotransduction studies use polyacrylamide hydrogel substrates, we further compared the effects of varying the solvent type on collagen I coatings on soft polyacrylamide hydrogel substrates (3 kPa). Acetic acid resulted in the highest collagen I coating homogeneity and cell attachment efficiency [Figs. 2(c) and 2(d)] on soft polyacrylamide hydrogels. Correspondingly, acetic acid conditions had the highest MSC attachment efficiency on polyacrylamide hydrogel substrates as well [Figs. 2(c) and 2(d)]. We further validated this attachment at an earlier time point (one hour) and observed a similar trend in cell attachment on soft polyacrylamide hydrogels ( Fig. S1 ). To validate if the effects of the solvent type also depend on substrate compositions, we repeated the experiments of varying solvent types using two other commonly used substrates including polystyrene and polydimethylsiloxane (PDMS) ( Fig. S2 ). We found the same trend: with acetic acid being most effective in achieving homogeneous collagen I coating with high efficiency. These results confirm acetic acid as the most effective solvent to achieve homogeneous and efficient collagen I coatings regardless of the substrate types. In the present study, collagen I was conjugated to the polyacrylamide surface via the heterofunctional bilinker sulfo-SANPAH, and this reaction is known to be pH sensitive, with higher efficiency at higher pH. To assess the effect of varying pH on protein conjugation efficiency, we have compared collagen I incorporation with polyacrylamide hydrogels with and without sulfo-SANPAH, using collagen I dissolved in acetic acid or PBS (neutral pH). When sulfo-SANPAH was used, we observed much higher and homogeneous collagen I incorporation using acetic acid as the solvent vs PBS (Fig. S3 ). In the absence of sulfo-SANPAH, an opposite trend was observed, with minimal collagen incorporation observed in collagen I dissolved in acetic acid.
Varying the solvent type modulates collagen I coating and cell spreading on polyacrylamide hydrogels with tunable stiffnesses
Given mechanotransduction studies use hydrogels with tunable stiffnesses, we next characterized the effect of varying the solvent type (PBS vs acetic acid) on collagen I coatings and cell spreading on stiff (38 kPa) or soft (3 kPa) polyacrylamide hydrogels. For each solvent type, we also tested a broad range of collagen I concentrations (0.5, 1, . This is consistent with previous reports that cell spreading depends on ligand density. 7, 22 However, the difference in the cell area between two solvent types is much less than the differences in the collagen I intensity, especially when using a higher concentration of collagen (20 or 100 lg/ml). These results suggest that once the threshold of collagen I coating density needed for supporting cell spreading is reached, a further increase in the collagen concentration would not further increase cell spreading. Based on our results, using acetic acid requires a much lower collagen concentration to reach such a threshold than using PBS as the solvent. For soft hydrogels, 1 lg/ml collagen I in acetic acid was sufficient to reach the maximum cell spreading, whereas 20 lg/ml collagen I in PBS was needed to reach the maximum cell spreading. The observed differences in cell spreading may also be in part due to the differences in collagen distribution between PBS and acetic acid. Such differences in distribution of collagen I can induce changes in accessibility of binding domains to which the cells adhere through integrin receptors on their surface.
We Interestingly, collagen I dissolved in acetic acid produced coatings that enabled robust cell spreading even with doses as low as 1 lg/ml. We had to decrease the collagen I concentration to 0.5 lg/ml in order to see a decrease in cell spreading. This could offer a more resource-and cost-effective coating method for applications that requires efficient cell attachment and spreading.
Varying solvent for collagen I coating impacts YAP translocation in hMSCs
Cell spreading is linked to mechanotransduction and has been shown to correlate with the translocation of transcriptional To assess whether the solvent type-dependent YAP localization is associated with changes in the intensity and distribution of collagen coating, immunostaining of collagen I was performed after hMSCs were seeded and adhered to the surface. PBS coating resulted in heterogeneous collagen coating and less cell spreading, accompanied by cytoplasmic YAP (Fig. S4 ). Acetic acid, on the other hand, resulted in homogeneous collagen I coating and more cell spreading, accompanied by nuclear YAP (Fig. S4 ). Our results showed that low pH solvent (i.e., pH 3.4) led to more homogeneous distribution of collagen ( Fig. 1) . Conversely, increasing pH increases the heterogeneity and collagen bundle formation. The structural features of collagen affect cell spreading and YAP translocation, with more uniform coating leading to enhanced cell spreading and more nuclear YAP translocation. Given that YAP is a mechanical rheostat of the cell, our results demonstrate that varying the solvent type used for collagen I coating can directly alter how cells interpret the substrate stiffness. These results suggest that the solvent type can be harnessed as another tool to directly impact cell mechanotransduction, which in turn alters cell responses such as differentiation, proliferation, and migration. 
Varying the solvent type for fibronectin coating does not impact cell spreading and YAP localization
In addition to collagen I, fibronectin is another widely used biochemical coating for mechanotransduction studies. 6, 14, [23] [24] [25] [26] Therefore, we also tested the effect of varying the solvent type (PBS vs acetic acid) on fibronectin coating and YAP localization using hMSCs. Unlike the case for collagen I, both solvent types resulted in homogeneous coating for fibronectin, most likely because the solubility of fibronectin is not pH sensitive. While acetic acid enhanced fibronectin coating on the stiff substrate at higher densities (10 lg/ml or 100 lg/ml), varying the solvent type does not impact hMSC cell spreading or YAP localization in response to changes in substrate stiffness and biochemical ligand density (Fig. 5) . These results suggest that the effect of the solvent type on mechanosensing is highly dependent on the type of ECM and should be evaluated individually depending on the ECM of interest of different studies.
CONCLUSION
In summary, we demonstrated that collagen I coating efficiency and distribution on hydrogel substrates depend on the choice of solvent pH and composition. Among the various commonly used solvents, acetic acid results in the most efficient collagen I coating with homogeneous distribution. Importantly, varying the solvent type can directly impact cell spreading and mechanotransduction of hMSCs, as shown by the changes in YAP translocation. Given the important role of mechanotransduction in various cell fates, our results suggest that the solvent type can be harnessed as a new tool to directly impact cell mechanotransduction and fates such as differentiation, proliferation and migration. Unlike collagen I, we further showed that fibronectin coating is less sensitive to solvent pH and type. Together, these results suggest that the effect of the solvent type on mechanotransduction is highly dependent on the type of ECM and should be evaluated individually depending on the ECM of interest for each study.
METHODS

Fabrication of polyacrylamide hydrogel substrate
Polyacrylamide hydrogels were fabricated as we have reported 15,17 by adapting a previous protocol 6, 18 to incorporate primary amine end groups, for the purpose of enhancing protein conjugation efficiency. In brief, 2-aminoethyl methacrylate (Aldrich 516155, 15 mM in deionized water) was added to hydrogel precursor solution containing acrylamide (Sigma A4058,40% (v/v)) and N,N 0 -methylenebisacrylamide [Sigma M1533, 2% (v/v)]. Soft or stiff hydrogels were fabricated by maintaining the acrylamide concentration constant [8% (v/v)] while varying the concentration of bis-acrylamide [0.08% or 0.48% (v/v)], resulting in hydrogels with stiffnesses of 3 and 38 kPa, respectively, as we previously reported. 15 To initiate photocrosslinking, photoinitiator 2-Hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone [Irgacure 2959, Ciba, 0.05% (w/v)] was used. Hydrogel precursor solution (65 ll) was loaded between two round glass coverslips (15 mm in diameter) and exposed to ultraviolet light (365 nm, 4 mW/cm 2 , 5 min) to form a hydrogel substrate with a thickness of $370 lm. The hydrogel surface was then modified with sulfo-SANPAH (Life Technologies 22589, 0.83 mg/ml in PBS) and exposed to light (365 nm, 4 mW/cm 2 , 5 min).
Fabrication of PDMS substrates
PDMS substrates were prepared using a 1:10 mixture of curing agent to PDMS base (Dow Stylgard 184 Silicone Elastomer). After whisking vigorously for 10 min, the solution was dessicated for 60 min and then cured for 2 h at 60 C.
Solvent preparation
0.1% acetic acid solutions were prepared at pH 3.4, 3.7, 5.2, 7.4, or 8.5; 0.5% or 0.05% Acetic acid at pH 3.4; Acetate or Citrate solvents at pH 3.4; PBS at pH 7.4; or HEPES at pH 8.5. pH was tuned using concentrated NaOH.
Collagen I incorporation
Glass coverslips, polystyrene, PDMS, and polyacrylamide hydrogels, all 15 mm circles, were coated with collagen I under sterile conditions. Acetic acid solvents were made at 0.05%, 0.1%, and 0.5%. Acetate was made by combining 0.1 M Acetic acid and 0.1 M Sodium acetate at 46.3% and 3.7%, respectively, and buffered to pH 3.4. Citrate was made by combining 0.1 M Citric acid and 0.2 M Dibasic sodium phosphate at 35.9% and 14.1%, respectively. Collagen I (rat tail, Corning CB40236) was kept on ice and diluted immediately following substrate synthesis in the appropriate solvent (0.1% Acetic acid at pH 3.4, 3.7, 5.2, 7.4, or 8.5; 0.5% or 0.05% Acetic acid at pH 3.4; Acetate or Citrate solvents at pH 3.4; PBS at pH 7.4; or HEPES at pH 8.5) for a final concentration of 20 lg/ml for most studies and of 0.5, 1, 20, or 100 lg/ml in polyacrylamide studies to test the effect of collagen coating on cell response. Substrates were washed with PBS, covered with 150 ll of collagen I solution, and incubated overnight at 37 C.
Cell culture
Bone marrow-derived human mesenchymal stem cells (Lonza) were cultured in growth medium composed of Dulbecco's Modified Eagle Medium (Gibco), fetal bovine serum (10% v/v, Gibco), penicillin-streptomycin (1% v/v, ThermoFisher Scientific), and recombinant human fibroblast growth factor-basic (10 ng/ml, Peprotech). For all cell studies, passage 6 hMSCs were plated at 5000 cells/cm 2 onto the hydrogels and cultured 6 h before being analyzed by immunofluorescence staining. Ethics approval is not required for this study.
Immunofluorescence staining
Cells were fixed using 4% paraformaldehyde/PBS for 15 min at room temperature, washed three times with washing solvent (0.1% Tween-20/PBS, 5 min), and permeabilized with 1% Triton X-100/PBS for 30 min. Samples were incubated in blocking solvent (3% bovine serum albumin, 2% goat serum in PBS) for 30 min. For YAP staining, samples were incubated with 1:300 mouse anti-YAP (Santa Cruz Biotechnology, sc-101199) overnight at 4 C on a shaker. After washing, samples were incubated with 1:300 Alexa 488 Goat-antimouse (Invitrogen A11001) for 1 h at room temperature on a shaker. Cell nucleus counter stain was performed using Hoechst nuclear stain (Cell Signaling Technology 4082S, 2 ug/ml). Actin staining was performed using the stain rhodamine-phalloidin (Sigma P1951). Samples were washed with washing solvent (three times, 5 min per wash) before being imaged using a confocal microscope (10Â air, 40Â oil, or 100Â oil immersion, Leica SP8 confocal system). To visualize collagen I coatings, substrates were washed with PBS and then immediately stained following the above protocol with blocking solvent, 1:100 primary rabbit anticollagen I antibody (Abcam ab34710), and Alexa 488 Goat-antirabbit (Invitrogen A11034). All images were processed using open-source Fiji software. 19, 20 
Image analyses
To quantify protein incorporation to the surface of the hydrogels, two methods were employed. First, we measured the pixel intensities of representative images and plotted the results in histograms to assess the distribution of the protein coating. Second, we compared the intensities of the different conditions, using the area under the curve of these histograms, to characterize the total incorporation. For quantification of collagen I fluorescence intensity, an average of 9 fields of view on 3 independent substrates were assessed for pH dose experiments [ Fig. 1(b) ], an average of 13 fields of view on 3 independent substrates for buffer experiments (Fig. 2) , and an average of 5 fields of view on 3 independent substrates for collagen dose experiments ( Fig. 3 ). For assessing cell attachment, an average of 50 fields of view from 3 independent substrates were taken, cells were counted, and counts were averaged for 1 h time points ( Fig. S1 ) and 10 fields of view from 3 independent substrates for 6 h time points (Fig. 2) . To characterize YAP localization in a quantitative manner, we employed a method 21 which reports the ratio of nuclear YAP intensity vs cytoplasm YAP intensity. In brief, a region of interest (ROI) in the nucleus and a region of interest of equal area in the cytoplasm immediately adjacent to the nucleus were selected. The nuclear region was defined using Hoechst staining. The fluorescence intensity of YAP staining within the nucleus ROI and the cytoplasm ROI was then quantified. The results are reported as the ratio of fluorescence intensity within nucleus vs fluorescence intensity in cytoplasm for an average of 22 cells imaged at high magnification from 3 independent substrates [ Fig. 4(b) ]. The cell area was measured by thresholding the background and selecting the cell perimeter, for an average of 20 cells from 3 independent substrates (Fig. 3 ). Atomic force microscopy Topography of collagen fibrils was assessed using an atomic force microscope (AFM), conducted on a Bruker BioScope Resolve (Bio-AFM, Bruker Nano) and ScanAsyst-Fluid probe. The probe has a silicon nitride triangular tip with radium of 20 nm and a 70 lm cantilever with a spring constant of 0.7 N/m. Before imaging, cover slips coated with collagen solutions in acetic acid or PBS, with varying concentrations, were glued to Petri dishes that can be mounted on Bio-AFM. The collagen fibrils were imaged using a Peak Force Quantitative Nanoscale Mechanical (Peak Force QNM) module and in tapping mode to obtain maps with dimensions of 2.5 lm Â 2.5 lm.
APL Bioengineering
Statistical analyses
Data are presented as mean 6 standard deviations. For comparisons, data were analyzed with GraphPad Prism using one-way Analysis of Variance (ANOVA) by Tukey's multiple comparison test or two-way ANOVA by Bonferroni's multiple comparison test. Confidence intervals were kept at 95%, and P-values less than 0.05 were considered statistically significant.
SUPPLEMENTARY MATERIAL
See the supplementary material for additional data of collagen I incorporation on polystyrene and PDMS substrates, the role of sulfo-SANPAH in the conjugation of collagen I in neutral and acidic solvents, assessment of cell attachment after one hour, and costaining of collagen I and YAP.
